Abstract A new, closed loop process for the disinfection, stabilisation and removal of heavy metal from sewage sludge (consisting of a sludge/sulfuric acid reactor, hybrid H 2 S generator and H 2 S bioscrubber) is described. Preliminary results for total solids (TS), volatile suspended solids (VSS), chemical oxygen demand (COD), acetate and propionate destruction in the hybrid H 2 S generator have shown that digestion efficiency is not compromised in a hybrid reactor generating H 2 S compared to a methanogenic reactor. 70% of the electron flow in the hybrid H 2 S generator was diverted to methane at a COD:SO 4 ratio of 5.45:1. Enough H 2 SO 4 could be generated from the H 2 S emitted at this ratio to effect sufficient metal solubilisation and pathogen removal from primary sludge.
Introduction
The most economical disposal route for sludge is to farmland, with the added advantage of its having a high fertiliser value and soil conditioning properties. However, within the EU disposal of sewage sludge onto land is coming under stricter guidelines for heavy metal and pathogen content so that major decreases in these two parameters are now required (European Commission Proposal, 2000) . Heavy metals are not removed by conventional sewage treatment. Instead, they are concentrated in primary and secondary sludges, which typically contain 0.5-2% of these metals on a dry weight basis (Tyagi et al., 1988) . Water UK and the British Retail Consortium (ADAS et al., 1999) also require a 99.999% reduction in indicator organisms in sludge before application on most types of crops to reduce spreading. A novel, integrated closed-loop process known as "sulfate disinfection, stabilisation and heavy metal removal from sewage sludge" is under development. The advantage of this process is that heavy metals and pathogens in sludge have the potential to be reduced to permissible levels, while very little chemical input is required or waste sludge produced. There are three main stages to the process: sludge/sulfuric acid reactor; sulfide generator; and H 2 S bioscrubber. The aim of this paper was to give an overview of the process, and describe the set up and give preliminary results for the sulfide H 2 S generator.
de-watered, and the solubilised heavy metals in the liquor are removed via sulfide precipitation. The source of sulfide is from the second stage which is the hybrid H 2 S generator.
Hybrid H 2 S generator
The acidified, metal-reduced sludge from the first stage is anaerobically digested in a hybrid methanogenic/sulfidogenic continuously stirred tank reactor (CSTR), producing significant amounts of H 2 S in the biogas via sulfate reducing bacteria (SRB); sludge stabilisation and solids destruction occur at this stage. Most of the H 2 S passes onto the final stage: the H 2 S bioscrubber. The remaining H 2 S is used to precipitate heavy metals as metal sulfides from the sludge/sulfuric acid reactor liquor. The product of this digester is a metal-reduced and pathogen-free sludge, suitable for agricultural application.
H 2 S bioscrubber H 2 S produced from the sulfide generator is chemically and microbiologically oxidised to sulfuric acid in a bioscrubber which is recycled back to the first stage. Sulfide oxidation to sulfuric acid provides energy for the growth of colourless sulfur bacteria, e.g. Thiobacilli from the Thiobacteriaceae family. The bioscrubber consists of two compartments, one air-lean and one air-rich; the purpose of the air-lean bioscrubber being to prevent air being re-circulated back to the anaerobic reactor. Hobson et al. (1994) investigated sludge digestion in a fully sulfidogenic reactor. The amount of sulfide produced in order to be oxidised to H 2 SO 4 in the H 2 S bioscrubber exceeded the amount required to effect metal solubilisation or sulfide precipitation in the sludge/sulfuric acid reactor. In addition, average VSS destruction was only 44% with a 22 Figure 1 The process of sludge stabilisation, disinfection and heavy metal removal day HRT. This percentage is quite low in comparison with a conventional methanogenic reactor. As a result, this study is concerned with investigating digestion efficiency in a hybrid H 2 S generator, and preliminary results are shown below.
Materials and methods

Operation of the hybrid H 2 S generator
Two anaerobic 8 L glass CSTRs were operated in a water bath at 34°C ± 1°C. One outlet was connected to a gas volume meter. A vacuum pump was used for feeding and effluent extraction, and the effluent was tested immediately for pH, Total COD, acetate and propionate, TS and VSS. The methanogenic reactors were started up with sludge from a "seed bank" CSTR with a >100 day hydraulic retention time (HRT) time fed a mixture of primary and secondary sludge derived from a local housing estate. The HRT in both reactors was gradually reduced to 20 days over a period of 2 months. On reaching steady state (minimum three times the HRT), one reactor was seeded with sulfate reducing bacteria (SRB)-containing sludge obtained from an anaerobic baffled reactor (ABR) treating tannery wastes high in sulfates. Thus, one reactor acted as a control and was maintained as a methanogenic reactor, while the other was converted to a hybrid H 2 S generator, and the digestion efficiency of the two reactors was compared.
Wastewaters
The feed for the methanogenic and hybrid H 2 S generator consisted of primary sludge from a local housing estate of variable TS content (0.5%-3%). The source of sulfate for the hybrid H 2 S generator was sodium sulfate (Na 2 SO 4 ).
Analytical
The pH of sludge samples was measured using a Jenway 3040 Ion Analyser. A simple water volume displacement gas-meter was used to measure biogas volumes produced, where a counter registered a unit after a certain volume of water was displaced (± 0.05L). A chemical sulfide scrubber was set up in the hybrid H 2 S generator to strip out H 2 S gas and prevent sulfide toxicity in the reactor. The generated biogas was re-circulated through two 200 ml Dreschel bottles connected in sequence and containing a saturated solution of zinc acetate; the H 2 S precipitated out as ZnS. Zinc acetate was used rather than an alkali to prevent stripping of the CO 2 from the digester gas. The ZnS was filtered through a dried and weighed 70 mm diameter Whatman #1 filter paper under vacuum, and the mass of ZnS measured and converted back to mass H 2 S produced. Total COD of the influent and effluent was analysed using Dr Lange tubes (LCK 914, range 5-60 g/l). A 0.2ml sample of sludge was added to the Dr Lange tube and then heated to 148°C for 120 minutes. The absorbance of the resulting solutions were read at 590 nm using a LASA 2 plus spectrophotometer. For effluent samples from the sulfide reactor, sulfide precipitates can interfere with COD measurement. This was eliminated by acidifying the sludge with 10N HCl and then purging with Nitrogen for 10 minutes to strip out the sulfide gas. TS and VSS were measured gravimetrically according to Standard Methods (APHA, 1995); duplicate measurements were made, and the accuracy of results were ± 0.5g/l. VFAs were measured using a Perkin-Elmer 8500C Gas Chromatograph-Flame Ionisation Detector (GC-FID) fitted with a DB-FFAP liquid phase 30 m × 0.542 mm capillary column with hydrogen as the carrier gas. Triplicate samples of 1.5 ml sludge are centrifuged in an Epindorf vial for 30 minutes at 6,000 rpm. The supernatant was filtered through a 0.45 µm filter, and acidified with a drop of 50% HCl before injection.
Results
Acetate and propionate destruction. Acetate and propionate removal in both reactors was very high, with an average of 99.3% and 94% removal of acetate in the methanogenic and hybrid reactors, respectively, while propionate removal was 99.5% and 99.4%, respectively. Figure 2 shows the average TS destruction in the hybrid H 2 S generator and methanogenic reactor. Initially, before sulfate addition to the hybrid H 2 S generator, TS and VSS destruction was marginally higher in this reactor than in the methanogenic reactor. After day 51, when sulfate addition commenced, the average TS and VSS destruction both decreased (75%, 55%) in comparison with the methanogenic reactor (80%, 62%).
TS and VSS destruction.
Electron flow via methanogenesis and sulfidogenesis. The average COD:SO 4 ratio in the hybrid H 2 S generator during Na 2 SO 4 addition was 5.45:1 ( COD destruction. Average COD destruction was 64% ± 14% in the Hybrid H 2 S Generator over the period of Na 2 SO 4 addition, and 67% ± 12% for the methanogenic reactor, at an influent COD concentration of 12 g/day.
Process mass balance. The average S added to the hybrid reactor was 0.46 g/day. The average precipitated out as ZnS was 0.57 g/day. The 0.11 g/day discrepancy may be partly accounted for by sulfur already present within proteins and cell walls, as well as the feed. The potential amount of sulfuric acid that could be produced from fully oxidising 0.57 g S is 1.75 g H 2 SO 4 . This amount of H 2 SO 4 added to primary sludge with 2.65% TS would reduce the pH to approximately 1.5.
Discussion
Solids destruction. The efficiency of TS and VSS destruction is slightly lower in the hybrid H 2 S generator in comparison to the methanogenic reactor. This may only reflect the fact that the TS and VSS in the effluent from the methanogenic reactor decreased, while those of the hybrid H 2 S generator remained stable after sulfate addition. Thus the difference (therefore destruction level) between feed and effluent TSS and VSS in the methanogenic reactor will appear higher. On the whole, the destruction levels between the two reactors are comparable.
VFA destruction. VFAs in sludge are important indicators of digester performance; a shortterm increase in the effluent indicates saturation of organisms with substrate which they cannot break down fast enough. Initially, the pH of the effluent will fall as a result of increasing VFAs in the sludge. If the micro-organisms responsible for VFA breakdown are then inhibited, the pH in the reactor could fall even lower, leading to digester failure. The pH, acetate and propionate concentrations in the reactors of the hybrid H 2 S generator and methanogenic reactors remained stable, despite great fluctuations in the feed, indicating digester stability in both reactors.
COD:SO 4 ratio. The COD:SO 4 ratio has a significant effect on the amount of sulfide produced (Gupta et al., 1994; Mizuno et al., 1998; Ueki et al., 1992) . Mizuno et al. (1994) showed that with a COD:SO 4 ratio greater than 6.0, methane production predominated, and over 80% of the total electron flow was used by MB with butyrate as substrate. At a COD:SO 4 ratio of 1.5, SRB utilised over 50% of the total electron flow. A large amount of sulfate reduction resulted in a decrease of methane production coupled with a rapid increase in bacterial growth. Our results for the COD: SO 4 ratio used in the hybrid H 2 S generator (5.45:1) showed that electron flow via methanogenesis accounted for over 70%, corroborating earlier work.
Sulfide production. The amount of H 2 S generated at a COD:SO 4 ratio of 5.45:1 was adequate to reduce the pH of a primary sludge (2.65% TS) to 1.5 should it be oxidised to sulfuric acid in the H 2 S bioscrubber. Various authors have investigated chemical leaching of metals from sludge using sulfuric acid. Jenkins et al. (1981) showed that copper was the most difficult metal to solubilise, with only 20% of the theoretically possible solubilised at pH 2. The authors suggest that this is due to the high affinity of copper to form tightly bound organic complexes. Increasing dosing time from 1 hour to 24 hours did not have a significant effect on copper, but did increase the solubility of cadmium by 6 fold, and lead by 3 fold. Removal efficiencies for iron, nickel, zinc and chromium were over 75% after 24 hours of treatment at pH 2. Tyagi et al. (1988) compared biological to chemical sulfuric leaching in anaerobically treated sludge and found that solubilisation rates increased with time, and decreased with pH and solids concentration. Limitations for metal solubilisation did exist regardless of acidification time or solids concentration. Wozniac and Huang (1984) presented the order of metal solubilisation from activated sludge at 2.5% solids and pH 1.5 as: Zn > Cd = Cu = Ni > Pb = Cr, with Zn removal at 100% and Cr removal at a maximum of 30%. Investigations into pathogen removal by acid treatment were performed by Blais et al. (1992 Blais et al. ( , 1997 . Pathogen destruction was achieved by in-situ acid production by a mixture of indigenous Thiobacillus strains fed powdered sulfur or sulfur tablets, and different sludge concentrations were used. Overall, a pH of < 2.7 was required to destroy coliforms, while faecal streptococci destruction occurred after 2 days (pH > 2.7). From work shown by these authors, pH 1.5 in the primary sludge should be adequate for substantial metal solubilisation and pathogen destruction.
Conclusion
A hybrid H 2 S CSTR was obtained by seeding a methanogenic reactor with sludge from an ABR treating tannery wastes high in sulfates. The hybrid reactor was fed a source of sulfate. Initial trials have shown that the VFAs, COD, TS and VSS of primary sludge were reduced to a level comparable to a completely methanogenic reactor at a 20 day HRT. The hybrid H 2 S generator is therefore a viable process for sulfide production which does not compromise digestion efficiency. There is still potential for increased sulfide production by decreasing the COD: SO 4 ratio in the digester. This would be necessary to allow part of the sulfide to be used for precipitation of the heavy metals in the liquor of the sludge/sulfuric acid reactor. The effect on digestion efficiency should be observed compared to that of a methanogenic reactor.
